1. Introduction {#sec0001}
===============

Gene therapy has been widely used to deliver functional genetic materials into cells to compensate for the malfunctioning genes or to make beneficial proteins. Viral and nonviral gene carriers are two main families in delivering exogenous genetic materials to host cells. There are many advantages of viral vectors, such as high transfection efficiency and long term gene expression by integrating genes into host cells' genome [@bib0001]. However, the potential immunogenicity and oncogenic effects are the biggest safety issues that limit viral vectors' applications in gene therapy [@bib0002], [@bib0003]. Thus, nonviral gene carriers, especially cationic polymers, have become more preferred alternatives due to their better safety characteristics after administration [@bib0004]. Cationic polymers, poly(amido, amine)s dendrimers (PAAs) [@bib0005], have been reported to possess many other characteristics, such as better storage stability, low immunogenic response, satisfactory DNA loading capacity, and convenience in manufacturing and handling [@bib0006]. SS-PAAs, which are water-soluble, peptidomimetic polymers, could be obtained by Michael-type polyaddition reaction between cystamine bisacrylamide and primary or bis-secondary amine monomers [@bib0007]. This reaction could produce a number of SS-PAAs with various functional groups in polymeric main or side chain. For example, SS-PAAs could rapidly disintegrate into low molecular weight fragments after uptake into the target cells [@bib0008].

The nuclear envelop is the main obstacle for non-viral gene carriers to deliver exogenous genes into nucleus, and even nucleolus. Nuclear envelop, having two phospholipid bilayers, isolates nucleus from cytoplasm. Nucleolar organizing region (NOR), a part of nucleolus, plays an important role in nucleolus reassembly and gene expression. Moreover, ribosomal RNA (rRNA) transcription and ribosome biogenesis proceed in nucleolus [@bib0009]. Researchers reported that proteins of viral vectors, such as HIV-1 TAT could target the host cells' nucleolus and assist viral genome to replicate and transcribe [@bib0010]. Two approaches have been applied to overcome the obstacle of nuclear envelop. The first one is by making use of cell proliferation process. The nuclear envelope breaks down in mitosis (M phase), which gives the exogenous DNA more chances to get into nucleus [@bib0011], [@bib0012]. The second approach is by introducing nuclear envelop penetration and nuclear targeting factors mimicking viral vectors' protein. For example, cell penetrating peptides (CPPs) have transmembrane ability [@bib0013], and HIV TAT peptide, a kind of CPPs, has not only cell and nuclear transmembrane ability but also nucleolus targeting ability [@bib0010], [@bib0014]. It has been reported that liposomes-pDNA complexes modified with TAT peptide, showed improved transfection *in vitro* and *in vivo* [@bib0015]. However, when cationic polymers noncovalently combined with these proteins or peptides, their abilities of DNA condensation were reduced, and the complexes became more complicated and unstable. Therefore, amine monomers with multifunctional groups need to be introduced to cationic polymers, giving these polymers membrane penetration, and nucleolus localization abilities without being trapped in endosomes. For example, as guanidino groups are functional groups in CPPs [@bib0016], a hypothesis was proposed that guanidino group could delocalize the charges present on primary amines of polymers [@bib0017], and further help reduce cytotoxicity of cationic polymers.

A bilayer of lipids and incorporated proteins comprise cell membrane, which defines the cell by isolating the intracellular substance from the extracellular environment. Cell membrane mediate the interchange of materials between extracellularsetting and intracellular matrix via active or passive transport [@bib0018]. Macromolecule internalization occurs mostly through receptor-mediated endocytosis, such as clathrin-mediated, caveolae-mediated, macropinocytosis and clathrin- and caveolae-independent endocytosis [@bib0019], and the uptake mechanisms of exogenous materials are determined by their physicochemical properties, such as size, surface functionalization, geometry [@bib0020], [@bib0021]. Moreover, the endocytosis mechanisms are linked with the intracellular transport and the fate of the exogenous materials [@bib0022]. For example, clathrin-mediated endocytosis was reported to correlate with the acidic lysosomes [@bib0023], [@bib0024], and PEI was an excellent case to demonstrate the endosomal/lysosomal escape with a hypothesis of "proton sponge effect" [@bib0025]. While, internalization via caveolae-mediated and macropinocytosis endocytosis are neither acidic nor digestive, therefore, this could avoid lysosomal degradation in these process [@bib0026]. Some types of liposomes/lipids were reported to deliver gene by caveolae-mediated endocytosis [@bib0027].

Guanidine groups play an important role in CPPs [@bib0016], such as HIV TAT peptide [@bib0013], and Kim et al. have reported that guanidinylated bioreducible polymer have high nuclear localization ability as gene carriers [@bib0028]. Polymers of CAR-CBA and CHL-CBA, which belong to guanidinylated disulfide containing poly(amido amine) polymers (Gua-SS-PAAs), are synthesized by Yu et al. based on the mechanism of Michael-addition polymerization. There are disulfide bonds and guanidino groups in the two polymers ([Fig. 1](#fig0001){ref-type="fig"}) [@bib0029]. The disulfide bonds make the two polymers disintegrate into low molecular weight fragments in the intracellular environment, which decreases the cytotoxicity and affinity between DNA and polymers, and the guanidinylated polymers are designed as "virus like vectors" mimicking the HIV TAT peptide. All these characteristics make guanidinylated polymers as potential excellent gene delivery carriers [@bib0029]. However, no study has been reported how these polymers mediate the cellular gene transfection pathways. In this study, we explored the *in vitro* nucleolus localization ability and transfection mechanisms of these two Gua-SS-PAAs polymers, CAR-CBA and CHL-CBA, as gene delivery carriers.Fig. 1Chemical structures of guanidinylated polymers (A) CAR-CBA and (B) CHL-CBA [@bib0029].Fig 1

2. Materials and methods {#sec0002}
========================

2.1. Materials {#sec0003}
--------------

Thymidine, Chlorpromazine, Colchicine and indomethacin were purchased from Solarbio (Beijing, China). Hochest33342, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (Dil) and Lactate dehydrogenase (LDH) Release Assay Kit were purchased from Beyotime Biotechnology (Jiangsu, China). Lyso-ID Red Lysosomal Detection Kit and Nucleolar-ID Green Detection Kit (GFP-Certified) were purchased from ENZO Life Science (Missouri, USA). Cell Cycle Detection Kit was purchased from Keygen Biotech (Nanjing, China). TIANpure Midi Plasmid Kit was purchased from Tiangen Biotech (Beijing, China). MCF-7cells and *Escherichia coli* containing pcDNA3.1-EGFP were provided as gifts from the Department of Pharmacology Teaching and Research Department at China Medical University. CBA was purchased from Alfa Aesar (MA, USA). 2, 2, 4, 6, 7-Pentamethydihydrobenzofuran-5-sulfonyl chloride (Pbf-Cl), CAR, and CHL were purchased from Sinopharm Chemical Regent (Shanghai, China).

2.2. Synthesis of CAR-CBA and CHL-CBA {#sec0004}
-------------------------------------

The synthesis of the two polymers were reported by Yu et al. [@bib0029]. Briefly, there were three main reactions. In the first reaction, Pbf-Cl was used to activate the guanidine group. CAR or CHL acetate was dissolved in water, and Pbf-Cl was dissolved in acetone. Then the Pbf-Cl solution was added to the CAR or CHL solution dropwise at a temperature range of 0 °C to 3 °C, and the mixture was stirred for 3 h at room temperature. In this reaction, the 4 M NaOH solution was used to maintain the systemic pH at 11--12. At the end point of the first reaction, the white resultants precipitate (CAR-Pbf-Cl or CHL-Pbf-Cl) was collected via filtration. The second reaction was Michael addition polymerization between CBA and CAR/CHL at 60 °C in a dark and nitrogen atmosphere for approximate one week. After that 10% excess of CAR/CHL-Pbf-Cl was added and the reaction was kept for another 2 d. The third reaction was the de-protection of Pbf-Cl. Trifluoroacetic acid, triisopropylsilane and water under a certain ratio were added to the resultant of the second reaction. The mixture was stirred at room temperature for 3 h. Then the resultant was collected and dialyzed for 2 d. At last, the solution was lyophilized. The molecular weight of CAR-CBA and CHL-CBA are around 10,595 Da and 7609 Da, respectively [@bib0029], [@bib0030].

2.3. Plasmid purification of pcDNA3.1-EGFP {#sec0005}
------------------------------------------

pcDNA3.1-EGFP plasmids, which encode enhanced green fluorescent protein (EGFP) and ampicillin resistance gene, were transformed into *E. coli*, and the transformed bacteria inoculated into Luria-Bertanic culture media containing 100 µg/ml ampicillin, and then shaken overnight at 37 °C, and 200 r/min. The pDNA was purified from the transformed bacteria using TIANpure Midi Plasmid Kit in accordance with the manufacturer\'s instructions. The concentration of purified pDNA was determined by measuring its ultraviolet absorbance at 260 nm using Nanodrop 2000 (Thermo Scientific, Waltham, MA). The purified pDNA was used for further experiments when its optical density (OD) ratio of OD~260~/ OD~280~ was in the range of 1.8 to 2.0.

2.4. Cell culture {#sec0006}
-----------------

MCF-7 cells, a type of human breast cancer cells, were cultured in full Dulbecco\'s Modification of Eagle\'s medium (DMEM) at 37 °C with a humidified 5% CO~2~/95% air containing atmosphere. The full medium was made by adding 10% (v/v) fetal bovine serum, 100 U/ml penicillin G sodium, and 100 µg/ml streptomycin sulfate into serum free medium.

2.5. Preparation of DAPI labeled pDNA {#sec0007}
-------------------------------------

Firstly, 1 µl DAPI (5 mg/ml) and 2 µg of pDNA solution (400 ng/µl) were mixed by vortex for 10 sec, and incubated at 37 °C for 1 h. Secondly, the DAPI labeled pDNA was precipitated with 70% ethanol and centrifuged at 12 000 r/min for 10 min. Finally, the precipitation was re-suspended in Tris Buffer. The DAPI labeled pDNA was freshly prepared each time before being used for further experiments.

2.6. Complex preparation and characterization {#sec0008}
---------------------------------------------

To prepare complexes of CAR-CBA-pDNA and CHL-CBA-pDNA at polymer/pDNA weight ratio (w/w) of 24/1, 48 µg of CAR-CBA and 48 µg of CHL-CBA were dissolved in each 500 µl serum free medium. Afterwards, each polymer solution was added to 2 µg of pDNA in 500 µl serum free medium. The polymer-pDNA solutions were then vortexed for 10 sec, and incubated for 10 min at room temperature to form complexes. Complexes were prepared freshly prior to each transfection study.

A Zetasizer Nano system equipped with dynamic light scattering (DLS) was used to measure the particle size, size distribution and zeta potential. Meanwhile, the morphology of complex was investigated using atomic force microscopy (AFM) [@bib0029]. The zeta potentials of complexes are around + 30 mV (CAR-CBA-pDNA) and + 15 mV (CHL-CBA-pDNA). Most pDNAs could be condensed into nano-scaled particles (less than 50 nm) by these polymers.

2.7. Nucleolus localization of complexes {#sec0009}
----------------------------------------

Naked DAPI-labeled pDNA and DAPI-labeled complexes (CAR-CBA-pDNA and CHL-CBA-pDNA), in which the pDNA was labeled with DAPI, were prepared as the sections of 2.5 and 2.6. MCF-7 cells were seeded into 6-well plates containing coverslips in each well. Transfection was operated when cells reached 60% confluency. Cells were exposed to CAR-CBA-pDNA, CHL-CBA-pDNA, and naked DAPI labeled pDNA (served as a negative control), respectively, for 4 h. At the end of transfection, the transfected cells were washed with phosphatebuffered saline (PBS), and then stained with Nucleolar-ID Green Detection Kit at 37 °C for 15 min in accordance with the protocol provided by the manufacturer. The cells were then washed with PBS, and finally fixed in 4% formaldehyde for 15 min. The transfected cells of each treatment group were observed and their images were recorded immediately with the ECLIPSE 80i fluorescence microscope (Nikon, Tokyo, Japan) equipped with 40 × objective lens. The intracellular exogenous substances and intracellular nucleolus appeared to be in blue and green colors, respectively.

2.8. Cell synchronization and cell cycle status analysis {#sec0010}
--------------------------------------------------------

Double- thymidine block and colchicine were used to induce and arrest cells at specific cell cycle phases. In double-thymidine block, cells could be arrested at G1, S, or G2 phases during the second release, and the time period of each block and release stage changes with different cell lines [@bib0031]. As for the treatment of colchicine, cells could be arrested at M phase. In this study, MCF-7 cells were seeded into 6-well plates. For double-thymidine block treatment, cells were treated with 2 mM thymidine in full medium for 16 h (first block) when cells reached around 30% confluency. Afterwards, the medium with thymidine was discarded, and the cells were washed with PBS, and then fresh full medium without thymidine was added to the cell plates. After that the cells were cultured for another 10 h (first release). At the end of first release, the medium was replaced with fresh full medium with 2 mM thymidine for another 16 h incubation (second block). At last, the cells were washed with PBS and released in thymidine-free medium for 0 h, 4 h or 8 h (second release), and then the cells at each end time point of second release were collected. For the colchicine treatment, cells with 60% confluency, were exposed to 0.4 µg/ml of colchicine (final concentration) in full medium for 16 h, and the cells were collected for further analysis. Un-induced cells were collected as a negative control when they arrived at 60% confluency.

The collected cells by various treatments were fixed in 70% cold ethanol at 4 °C for overnight. To analyze DNA content of the cells, Cell Cycle Detection Kit was used, and the detailed procedures were performed in accordance with the manufacturer\'s protocols. Subsequently, the DNA content of collected cells (stained with PI) in each group was analyzed by the FACSCalibur flow cytometer (BD, New Jersey, USA) equipped with Modfit LT3.0 software, and 10 000 cells were analyzed in each treatment group.

The DNA content analysis cannot be used solely to differentiate between cellular G2 and M phases, while the nuclear morphological characteristics of the two phases are distinctly different, Therefore, DNA content coupled with nuclear morphology could help us ascertain if the cells were arrested at G2 and M phases as expected. In order to observe the nuclear morphologies of cells after thymidine or colchicine treatment, cells were seeded into 6-well plates with coverslips, and then went through 8 h of thymidine second release treatment or exposed to colchicine in full medium for 16 h, then the cells were stained with 10 µg/ml of Hochest33342 at room temperature for 10 min. After being washed with PBS, the nuclear morphologies of Hochest33342 stained cells were observed and recorded immediately by the ECLIPSE 80i fluorescent microscope (Nikon, Tokyo, Japan) equipped with 40 × objective lens.

2.9. Transfection on cells arrested at various cell cycle phases {#sec0011}
----------------------------------------------------------------

Transfection was performed on MCF-7 cells arrested at various cell cycle phases (G1, S, G2, and M phase) or un-induced cells. Cells of each group were exposed to CAR-CBA-pDNA, CHL-CBA-pDNA and naked pDNA, respectively, in serum free medium for 4 h, then the complexes and naked pDNA containing medium was discarded. Subsequently, the cells were washed with PBS, and incubated in full medium for another 48 h. At the predetermined time point, EGFP intensity of the transfected cells in each group was recorded by the LSRFortessa flow cytometer (BD, New Jersey, USA) equipped with FACADiva 7.0 software, and 10 000 cells were analyzed in each treatment group. Cells exposed to the naked pDNA were set as a negative control.

2.10. Transfection on cells with treatment of endocytosis inhibitors {#sec0012}
--------------------------------------------------------------------

According to previous reports, chlorpromazine, colchicine, and indomethacin were used as endocytosis inhibitors to inhibit clathrin-mediated, macropinocytosis and caveolae-mediated endocytosis, respectively [@bib0032], [@bib0033], [@bib0034]. In this study, MCF-7 cells were seeded into 6-well plates. When the cells reached 60% confluency, they were cultured in serum free medium for 30 min. Subsequently the medium was replaced with serum free medium containing 10 µg/ml of chlorpromazine, 8 µg/ml of colchicine, or 6 µg/ml of indomethacin, or drug free medium, and the cells were incubated for another 1 h. Each group of pretreated cells were then exposed to serum free medium containing CAR-CBA-pDNA or CHL-CBA-pDNA, respectively, for 4 h, while the concentrations of endocytosis inhibitors were kept the same as pretreatments in each group. At the end of transfection, all treatment solutions were discarded. After being washed with PBS, the cells in each group were cultured in fresh full medium for an additional 48 h. EGFP intensity of transfected cells in each group was recorded by the LSRFortessa flow cytometer (BD, New Jersey, USA) equipped with FACADiva 7.0 software, and 10 000 cells were analyzed for each treatment group. The group of cells exposed to the naked pDNA for 4 h in serum free medium was set as a negative control.

2.11. Endosomal escape of complexes {#sec0013}
-----------------------------------

DAPI was used to label naked pDNA or pDNA in the complexes of CAR-CBA-pDNA and CHL-CBA-pDNA as the sections of 2.5 and 2.6. MCF-7 cells were seeded into glass-bottom cell culture dishes and cultured in full medium at 37 °C in a humidified 5% CO~2~/95% air containing atmosphere. After reaching 60% confluency, the cells were washed with PBS and exposed to DAPI-labeled complexes (CAR-CBA-pDNA and CHL-CBA-pDNA), naked DAPI-labeled pDNA (served as a negative control), or chloroquine (300 µM final concentration, served as a positive control), respectively, in serum free medium for 4 h. At the end of transfection, the DAPI-labeled complexes, naked DAPI-labeled pDNA, and chloroquine containing solutions were discarded. Then the cells in each group were washed with PBS, and stained with Nucleolar-ID Green Detection Kit for 15 min, then washed with PBS. After that the cells were stained with Lyso-ID Red Lysosomal Detection Kit for 15 min. The staining procedures were performed in accordance with the protocols provided by manufactures. After being washed with PBS, The stained cells in each group were fixed in 4% formaldehyde for 15 min, and then the stained cells were observed and their images were captured immediately by the FV1000S-SIM/IX81 confocal laser scanning microscopy (OLYMPUS, Tokyo, Japan) equipped with 60 × oil immersion objective lens. The intracellular nucleolus, endosomes/lysosomes, and DAPI labeled exogenous substances appeared to be in green, red and blue colors, respectively.

2.12. Lactate dehydrogenase release assay {#sec0014}
-----------------------------------------

MCF-7 cells were seeded into 96-well plate at a density of 5000 cells/well, and incubated in full medium at 37 °C in a humidified 5% CO~2~/95% air containing atmosphere. When cells reached 60% confluency, they were washed with PBS, and then, respectively, exposed to naked pDNA (served as a negative control), CAR-CBA-pDNA, or CHL-CBA-pDNA in 150 µl serum free medium, or only to 150 µl serum free medium (served as a positive control). At the third h, 15 µl of LDH release reagent was added to the positive control group. After reaching the predetermined time point of 4 h, the quantity of LDH, which was released to the medium supernatant or remained inside of cells in the same well of each treatment group, was measured using a LDH Release Assay Kit in accordance with the protocols. The optical densities were recorded by the iMark microplate reader (Bio-rad, Tokyo, Japan) at 492 nm with 620 nm as a reference wavelength. For each treatment, the LDH release ratio was calculated by the following formula, where OD~release~ means optical density of LDH in supernatant solution; OD~cell~ means optical density of LDH detained in cells; OD~blank~ means optical density of LDH in blank medium. $$\begin{array}{ccl}
 & & {\text{LDH}\mspace{6mu}\text{release}\left( \% \right)} \\
 & & {\quad = \frac{\text{OD}_{\text{release}} - \text{OD}_{\text{blank}}}{\text{OD}_{\text{cell}} - \text{OD}_{\text{blank}} + \text{OD}_{\text{release}} - \text{OD}_{\text{blank}}} \times 100} \\
\end{array}$$

2.13. Morphology of cell membrane after transfection {#sec0015}
----------------------------------------------------

Triton X-100, a detergent, can destabilize cell membrane structure and cause membrane disruption [@bib0035]. So Triton X-100 treated cells were served as a positive control to show the morphology changes of cell membrane after being penetrated in this study. MCF-7 cells were seeded into 6-well plates containing coverslip in each well. When cells reached 60% confluency, they were exposed to CAR-CBA-pDNA, CHL-CBA-pDNA, naked pDNA (served as a negative control), and 1% Triton-X 100 (served as a positive control), respectively, in serum free medium for 4 h at 37 °C in a humidified 5% CO~2~/95% air containing atmosphere. At the end of transfection or treatments, the cell membrane in each group was stained with 8 mM DiI in PBS for 15 min at 37 °C. After being washed with PBS, the cell membranes of transfected cells were observed and their images were recorded immediately by the ECLIPSE 80i fluorescence microscope (Nikon, Tokyo, Japan) equipped with 100 × oil immersion lens. The cell membrane appeared to be in red color.

2.14. Statistical analysis {#sec0016}
--------------------------

Statistical analyses were performed with a tool of GraphPad Prism, version 6 software (GraphPad Software Inc., California, USA). The quantitative results were expressed as mean ± SD from triplicate experiments performed in parallel, and the difference was considered statistically significant when a *P* \< 0.05 in two-tailed unpaired Student\'s *t*-test.

3. Results and discussion {#sec0017}
=========================

3.1. Nucleolus localization abilities of complexes {#sec0018}
--------------------------------------------------

Naked DAPI-labeled pDNA was set as a negative control in this study to show that no false-positive results were caused by experimental design method. As shown in [Fig. 2](#fig0002){ref-type="fig"}A, the naked pDNA (in blue color) appeared around cell membrane, and almost no pDNA existed in the nucleolus. While for CAR-CBA-pDNA and CHL-CBA-pDNA, it was obvious that the two complexes were enriched in or around nucleolus region after cellular transfection ([Fig. 2](#fig0002){ref-type="fig"}B and C), which suggested that the two guanidio-rich polymers had significant nucleolus localization abilities.Fig. 2Nucleolus localization of the: (A) naked DAPI-labeled pDNA (negative control), (B) CAR-CBA-pDNA, and (C) CHL-CBA-pDNA recorded by fluorescence microscopy, where the DAPI-labeled exogenous substances were shown in blue color, nucleolus was shown in green color, and the scale bar corresponds to 50 µm.Fig 2

3.2. Transfection efficiencies change with cell cycle status {#sec0019}
------------------------------------------------------------

As mentioned before, DNA content analysis could not ascertain the cells with double DNA contents were arrested at G2 or M phase. However, chromosome segregation happens in M phase, which does not happen in G2 phase [@bib0036]. The results in [Fig. 3](#fig0003){ref-type="fig"} coupled with [Fig. 4](#fig0004){ref-type="fig"} showed that, at the end time points of 0 h, 4 h, and 8 h release in double thymidine block and after the treatment of colchicine, the percentages of cells arrested at G1, S, G2, and M phases were 90.07% ± 3.90%, 99.98% ± 0.04%, 90.88% ± 1.11%, and 92.74% ± 1.41%, respectively. The phase ratios of un-induced cells at G1/G0, S, and G2/M phase were 53.38% ± 2.28%, 32.16% ± 0.86%, and 14.46% ± 1.43%, respectively ([Fig. 5](#fig0005){ref-type="fig"}). These results confirmed that double-thymidine block and colchicine treatments could effectively arrested cells at G1, S, G2, and M phase as we expected.Fig. 3DNA content of MCF-7 cells under different synchronization treatments of: (A) uninduced, (B) 0 h release, (C) 4 h release, (D) 8 h release, and (E) colchicine, analyzed by flow cytometry with PI staining.Fig 3Fig. 4Nuclear morphological images of cells stained by Hoechst 33,342 at the end time point of: (A) 8 h release in double-thymidine block, and (B) 16 h in colchicine treatment. The images were recorded by fluorescence microscopy. The scale bar corresponds to 50 µm.Fig 4Fig. 5Percentages of cells arrested at each cell phase under various synchronization treatments. Data were shown in means ± SD.Fig 5

The EGFP intensity peak height and position reflect the tranfection efficiencies. The higher and more rightward of the EGFP peak is, the more transfection efficiency could be reached. As shown in [Fig. 6](#fig0006){ref-type="fig"}, after these cells were transfected by CAR-CBA-pDNA and CHL-CBA-pDNA, respectively, the EGFP intensity peaks of cells arrested at M phase were higher and more rightward than these of cells at other cell cycles (i.e., un-induced, G1, S, and G2 phase), and the peak position of cells arrested at G2 phase were more leftward than cells at un-induced, G1, and S phase. Therefore, in terms of height and position of EGFP intensity peak, the transfection efficiencies of CAR-CBA-pDNA and CHL-CBA-pDNA on cells arrested at M phase is higher than that on cells at other phases (i.e., un-induced, G1, S, and G2), while the transfection efficiencies on cells arrested at G2 phase are lower than that on cells at un-induced, G1, and S phase. Overall, MCF-7 cells arrested at M phase are in favor of the transfection efficiencies of the two polymers, and it is unadvisable to perform transfection on cells arretd at G2 phase.Fig. 6EGFP intensity of MCF-7 cells arrested at various cell cycles after the treatments of: (A) CAR-CBA-pDNA and (B) CHL-CBA-pDNA. Data were recorded by flow cytometry, and analyzed by FloJo 7.6.1. Cells treated with naked pDNA were set as a negative control.Fig 6

3.3. Transfection efficiencies change with endocytosis inhibitors {#sec0020}
-----------------------------------------------------------------

Similarly, the EGFP intensity peak height and position were used to reflect the tranfection efficiencies. As shown in [Fig. 7](#fig0007){ref-type="fig"}A, the peak height of EGFP intensity of cells transfected by CAR-CBA-pDNA with chlorpromazine pretreatment was lower than cells transfected by CAR-CBA-pDNA without inhibitor pretreatment, and the peak position of the former was more leftward than the latter. While, the EGFP intensity peaks of cells transfected by CHL-CBA-pDNA with these three types of inhibitors pretreatments were neither lower nor more leftward than cells transfected by CHL-CBA-pDNA without inhibitor pretreatment ([Fig. 7](#fig0007){ref-type="fig"}B). Thus, the transfection efficiency of CAR-CBA-pDNA was decreased under the pretreatment of chlorpromazine, while the transfection efficiency of CHL-CBA-pDNA was not decreased by the pretreatments of these three endocytosis inhibitors.Fig. 7EGFP peak intensities of MCF-7 cells transfected by: (A) CAR-CBA-pDNA and (B) CHL-CBA-pDNA) with or without pretreatments of chlorpromazine (10 mg/ml, related to clathrin-mediated endocytosis), colchicine (8 mg/ml, related to macropinocytosis), and indomethacin (6 mg/ml, related to caveolae-mediated endocytosis). Data were recorded by flow cytometry, and analyzed by FloJo 7.6.1. Cells treated with naked pDNA were set as a negative control.Fig 7

3.4. Endosomal escape abilities of complexes {#sec0021}
--------------------------------------------

Chloroquine is a type of lysosomotropic agent, which could accumulate in the endosomes/lysosomes [@bib0037]. When chloroquine enters lysosomes, it is protonated in the organelles with low pH, causing its accumulation. Chloroquine accumulation leads to the swell of endosomes/lysosomes, and then destabilization or rupture of endosomal/lysosomal membrane [@bib0038]. When the rupture of endosomal/lysosomal membrane happens, the fluorescent intensity of Lyso-Tracter (an endosomal/lysosomal dye) becomes weaker [@bib0039]. As shown in [Fig. 8](#fig0008){ref-type="fig"}, compared to the negative control (treated with naked pDNA), cells treated by CHL-CBA-pDNA demonstrated no significant difference in the red fluorescence intensity in acidic compartments. As for the positive control (treated with 300 µM chloroquine for 4 h), the red fluorescence intensity in acidic compartments became significantly weaker. For the cells treated by CAR-CBA-pDNA, the intensity of red color became slightly weaker compared to the negative control. From the above results, we could conclude that the complex of CAR-CBA-pDNA is entrapped in endosomes/lysosomes, but it has the ability of endosomal/lysosomal escape, while CHL-CBA-pDNA could keep itself away from .endosomal/lysosomal entrapment.Fig. 8Fluorescent intensity reflecting the endosomal escape abilities of: (A) naked pDNA (set as the negative control), (B) chloroquine treatment (set as the positive control), (C) CAR-CBA-pDNA, and (D) CHL-CBA-pDNA. The images were recorded by confocal laser scanning microscopy, where intracellular nucleolus was shown in green color, the DAPI-labeled exogenous substances were shown in blue color, and intracellular acidic compartments (endosomes/lysosomes) were shown in red color. The scale bar corresponds to 20 µm.Fig 8

3.5. Lactate dehydrogenase release assay {#sec0022}
----------------------------------------

LDH exists in intracellular micro-environment only when the cell membrane is intact, while it could be released into cell culture medium when the cell membrane becomes disruptive. Therefore, LDH release assay has been used to evaluate cell membrane integrity [@bib0040]. The levels of LDH release from each treatment were calculated and presented in [Fig. 9](#fig0009){ref-type="fig"}. Compared to the negative control (7.87% ± 0.75%, treated with naked pDNA), the LDH release levels from CAR-CBA-pDNA (40.12% ± 3.22%) and CHL-CBA-pDNA (18.41% ± 0.83%) were higher, but they were lower than that of the positive control (98.50% ± 0.63%, treated with LDH release reagent).Fig. 9LDH release level of MCF-7 cells incubated with naked pDNA (set as a negative control), and LDH release reagent (set as a positive control), CAR-CBA-pDNA, and CHL-CBA-pDNA, respectively. Data were shown in mean ± SD, \*\*\*\* indicates *P* \< 0.0001 compared to the negative control.Fig 9

3.6. Morphology of cell membrane after transfection {#sec0023}
---------------------------------------------------

DiI was used to stain cell membrane to show the image of cell membrane in red color, and the red image of cell membrane could reflect the integrity of cell membrane to some degree. As shown in [Fig. 10](#fig0010){ref-type="fig"}, the red color of cell membrane\'s image for the negative control (exposed to naked pDNA) was uniform, while after cells were treated with 1% Triton X-100, the red color of cell membrane almost could barely be observed. For the groups of CAR-CBA-pDNA and CHL-CBA-pDNA, the images of cell membrane could be observed, even though the red color was weaker compared to the negative control, but more evident than the treatment group of 1% Triton X-100. To some content, the two cationic polymers destabilize the membrane favoring their entry into cells, but the skeleton of cell membrane transfected by the two polymers still remains.Fig. 10Images of cell membrane incubated with: (A) naked pDNA (negative control), (B) 1% Triton X-100 (positive control), (C) CAR-CBA-pDNA, and (D) CHL-CBA-pDNA, respectively. The images were recorded by fluorescence microscopy, and the scale bar corresponds to 10 µm.Fig 10

4. Conclusion {#sec0024}
=============

The results of this research indicated that the introduction of guanidino groups could endow polymers of CAR-CBA and CHL-CBA unique nucleolus localization abilities. MCF-7 cells arrested at M phase are in favor of the transfection efficiencies of the two polymers, and it is unadvisable to perform transfection on cells arretd at G2 phase. According to the results of endocytosis inhibitor treatments coupled with endosomal/lysosomal escape ability studies of complexes, we could confirm that the internalization of CAR-CBA-pDNA is dependent on clathrin-mediated endocytosis, and CAR-CBA-pDNA could escape from endosomes/lysosomes. While the cellular uptake of CHL-CBA-pDNA maybe occur via clathrin- and caveolae-independent endocytosis. The differences of structural and physio-chemical property between CAR-CBA and CHL-CBA, such as the molecular weight, zeta potential, flexibility of structure, amount and position (main chain or side chain) of guanidine groups, could make their endocytosis mechanisms different.
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